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APPARATUS AND METHOD FOR
SPACE-DIVISION MULTIPLEXING OPTICAL
COHERENCE TOMOGRAPHY

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application claims the benefit of priority to

U.S. Provisional Patent Application No. 61/734,168 filed
Dec. 6, 2012, and U.S. Provisional Patent Application No.
61/819,251 filed May 3, 2013; the contents of which are both

incorporated herein by reference 1n their entireties.

STATEMENT OF GOVERNMENT INTEREST

This invention was made with government support under
RO0-EBO10071 awarded by National Institutes of Health
(NIH)-National Institute of Biomedical Imaging and

Bioengineering (NIBIB). The government has certain rights
in the ivention.

FIELD OF DISCLOSUR.

L1

The present disclosure relates to tomography, and more
particularly to optical coherence tomography.

BACKGROUND OF THE DISCLOSURE

Optical coherence tomography (OCT) 1s an emerging opti-
cal imaging techmque that enables micron-scale, cross-sec-
tional, and three-dimensional (3D) imaging of biological tis-
sues 1n situ and in real-time. OCT functions as a type of
“optical biopsy,” 1maging tissue microstructure with resolu-
tions approaching that of standard histopathology, but with-
out the need to remove and process tissue specimens. Accord-
ingly, OCT captures and digitizes visual images of tangible
objects such as biological tissue. The penetration depth of
OCT 1s usually 1-2 mm 1n biological tissues. OCT has been
used for a wide range of clinical and biomedical applications
particularly in humans and animals, including ophthalmol-
ogy, cardiovascular imaging, endoscopy imaging, cancer
imaging, dental applications, and research imaging applica-
tions.

Current commercial ophthalmic OCT systems operate at
20-70 kHz. Each 3D scan covering 512x512 A-lines takes
3-10 seconds. Commercial cardiovascular and endoscopic
OCT mmaging systems operate at 100 kHz-200 kHz A-line
rate 1n order to cover a large imaging field. Higher imaging
speed at over 1 MHz A-line rate as a goal 1s ultimately desir-
able for faster imaging and less motion artifacts. However,
currently there 1s no commercially-available wavelength tun-
able laser or high speed line-scan camera that operates at that
speed. Imaging speeds for OCT, characterized as number of
A-scans per second, 1s limited by the line rate of line-scan
cameras for spectral-domain OCT (SD-OCT) or by the laser
sweep rate for swept-source OCT (SS-OCT).

SUMMARY OF INVENTION

An optical coherence tomography (OCT) system 1s pro-
vided herein which improves imaging speed over the forego-
ing systems. In one exemplary embodiment, the system may
be a space-division multiplexing (SDM) optical coherence
tomography (SDM-OCT) system. In various embodiments,
the SDM-OCT system may utilize a wavelength tunable light
source such as a swept-source laser or a broadband light
source. The SDM-OCT systems disclosed herein may map
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signals from spatially distributed sampling beams 1nto differ-
ent frequency bands using optical time delays.

An OCT system according to the present disclosure may be
configured to take advantage of the long coherence length
property of newly available light sources, such as without
limitation, wavelength tunable lasers (e.g. vertical cavity sur-
face-emitting laser, VCSEL) to improve imaging depth range.
The OCT system may further utilize parallel detection of
spatially distributed optical beams to achieve an order of
magnitude improvement of elfective A-line rate. Advanta-
geously, this offers several fold improvement in 1maging
speed of OCT while maintaining resolution and sensitivity. In
one embodiment, this may be achieved utilizing a single
detection channel to obtain sample 1images, thereby enabling
a simple, less complex, and less expensive OCT system to be
provided with an effective imaging speed scalable to using a
plurality of light sampling beams. In addition to dramatically
improved 1maging speed, the OCT system also preserves
image resolution and enables synchronized simultaneous
imaging at multiple different sample locations using multiple
beams, which opens up opportunities for numerous biomedi-
cal applications.

In one embodiment, an optical coherence tomography sys-
tem with space-division multiplexing 1s provided. The system
includes: a light source producing light; a first optical device
configured to split the light into reference light and sampling
light; a second optical device configured to split the sampling
light mto a plurality of sampling beams; an optical delay
clement configured to produce an optical delay between the
plurality of sampling beams; a scanner configured to simul-
taneously scan the plurality of sampling beams onto a surface
of a sample; and a third optical device configured to generate
an interference signal based on recerving reflected light sig-
nals returned from the surface of the sample produced by the
plurality of sampling beams and the reference light. The
interference signal includes data representing digitized
images of the sample.

In another embodiment, an optical coherence tomography
system with space-division multiplexing includes: a light
source producing coherent light; a first optical device config-
ured to divide the light into reference light and sampling light;
areference arm defining a first optical light path, the reference
arm receiving the reference light and generating a reference
light s1ignal based on the reference light; a single sample arm
defining a second optical light path and recerving the sam-
pling light; an optical splitter arranged on the sample arm and
configured to divide the sampling light into a plurality of
sampling light beams; and an optical delay element config-
ured to produce an optical delay between the plurality of
sampling beams. The system 1s configured to simultaneously
scan the plurality of sampling beams onto a surface of a
sample. In one embodiment, the system includes a galvanom-
eter scanner to scan the sampling beams. Other type scanners
may be used. Also provided 1s a second optical device con-
figured to receive and combine the reference light signal and
a plurality of reflected light signals each returned from the
surface of the sample produced by each of the plurality of
sampling beams to produce an interference signal. The inter-
ference signal includes data representing digitized images of
the sample.

In another embodiment, a low 1nsertion loss optical coher-
ence tomography system with space-division multiplexing
includes: a light source producing coherent light; an optical
device configured to divide the light into reference light and
sampling light; a reference arm defining a first optical light
path, the reference arm receiving the reference light and gen-
erating a reference light signal based on the reference light; a
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single sample arm defining a second optical light path and
receiving the sampling light; an optical splitter arranged on
the sample arm and configured to divide the sampling light
into a plurality of sampling light beams; and an optical delay
clement configured to produce an optical delay between the
plurality of sampling beams. The system 1s configured to
simultaneously scan the plurality of sampling beams onto a
surface of a sample. Also provided 1s a plurality of optical
couplers each configured and arranged to recerve and com-
bine the reference light signal with one of a plurality of
reflected light signals returned from a surface of the sample
produced by each of the plurality of sampling beams to pro-
duce a plurality of interference signals, and a sensor config-
ured to detect the plurality of interference signals. The inter-
ference signals include data representing digitized images of
the sample.

In another embodiment, an optical coherence tomography
system with space-division multiplexing includes: a light
source producing light; a first optical device configured to
split the light imnto reference light and sampling light; a second
optical device configured to split the sampling light into a
plurality of sampling beams; an optical delay element con-
figured to produce an optical delay between the plurality of
sampling beams; and a scanner configured to simultaneously
scan the plurality of sampling beams onto a surface of a
sample. The first optical device 1s further configured to gen-
crate an interference signal based on receiving reflected light
signals returned from the surface of the sample produced by
the plurality of sampling beams and the reference light. The
interference signal includes data representing digitized
images of the sample.

A method for imaging a sample using a space-division
multiplexing optical coherence tomography system 1s pro-
vided. The method includes: providing an optical coherence
tomography system comprising a light source producing
light, a reference arm defining a first optical path, and a
sample arm defining a second optical path; dividing the light
from the light source into reference light and sampling light;
transmitting the reference light to the reference arm to pro-
duce areflected light signal; transmitting the sampling light to
the sample arm; splitting the sampling light into a plurality of
sampling beams on the sample arm; producing an optical
delay between the plurality of sampling beams; scanning the
plurality of beams onto a surface of a sample; collecting a
plurality of reflected light signals each returned from the
surface of the sample produced by each of the plurality of
sampling beams; combining the plurality of reflected light
signals 1nto a single reflected light signal comprised of the
plurality of reflected light signals; and combining the single
reflected light signal and the reflected light signal to produce
an interterence signal, the interference signal comprising data
representing digitized images of sample.

BRIEF DESCRIPTION OF THE DRAWINGS

The features of the preferred embodiments will be
described with reference to the following drawings where like
clements are labeled similarly, and 1 which:

FIG. 1 1s a schematic diagram of a space-division multi-
plexing optical coherence tomography (SDM-OCT) system
according to one embodiment of the present disclosure;

FI1G. 2 1s a transverse cross-sectional view of one embodi-
ment of an optical fiber array;

FIG. 3 1s a graph illustrating an optical delay introduced
into a plurality of light sampling beams according to the
present disclosure;
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FIG. 41s a schematic diagram of a second low 1nsertion loss
embodiment of space-division multiplexing optical coher-

ence tomography (SDM-OCT) system;

FIG. 5 1s a transverse cross-sectional view of a second
embodiment of an optical fiber array suitable for Doppler
imaging;

FIG. 6 shows actual digital images of a sample obtained
with the SDM-OCT system of FIG. 1;

FIG. 7 are graphs showing measured sampling point-
spread-function from different scanning depths of a sample;

FIG. 8 1s a three-dimensional digital image of a Drosophila
larva captured during in vivo imaging using the SDM-OCT
system of FIG. 1;

FIG. 9 shows two-dimensional digital images of segments
of the Drosphila larva captured during the in vivo imaging;

FIG. 10 shows simultancous two-dimensional digital
images ol segments of the Drosphila larva captured during
the 1n vivo imaging which reveal the beating heart tube of the
insect;

FIG. 11 shows digital images of segments of the Drosphila
larva captured during the 1n vivo imaging which reveal the
beating heart tube of the insect captured by M-mode imaging;

FIG. 12 1s a schematic diagram of an optical delay element;

FIG. 13 1s a schematic diagram of a third embodiment of
space-division multiplexing optical coherence tomography
(SDM-OCT) system;

FIG. 14 1s an illustration of an exemplary embodiment of
an OC'T probe;

FIG. 15 1s a schematic diagram of a spectral domain space-
division multiplexing optical coherence tomography (SDM-
OCT) system using a broadband light source;

FIG. 16 1s a schematic diagram of an alternative embodi-
ment of a spectral domain space-division multiplexing opti-
cal coherence tomography (SDM-OCT) system using a
broadband light source;

FIG. 17 1s a transverse cross-sectional view of a third
embodiment of an optical fiber array suitable for Doppler
imaging; and

FIG. 18 1s a schematic diagram of an alternative embodi-
ment of a free-space light transmission space-division multi-
plexing optical coherence tomography (SDM-OCT) system.

All drawings are schematic and not to scale.

DETAILED DESCRIPTION OF THE INVENTION

The features and benefits of the invention are 1illustrated
and described herein by reference to preferred embodiments.
Accordingly, the invention expressly should not be limited to
such preferred embodiments illustrating some possible non-
limiting combination of features that may exist alone or 1n
other combinations of features; the scope of the invention
being defined by the claims appended hereto. This description
of preferred embodiments 1s intended to be read in connection
with the accompanying drawings, which are to be considered
part of the entire written description. The drawing figures are
not necessarily to scale and certain features may be shown
exaggerated 1n scale or 1n somewhat schematic form 1n the
interest of clarity and conciseness. Accordingly, size, thick-
nesses, and spacing of various layers of materials or struc-
tures shown in the accompanying drawings are not limited to
the relative sizes, thicknesses, or spacing shown in the accom-
panying drawings.

In the description of embodiments disclosed herein, any
reference to direction or orientation 1s merely itended for
convenience of description and 1s not intended 1n any way to
limit the scope of the present invention. Relative terms such as
“lower,” “upper,” “horizontal,” “vertical,”, “above,” “below,”
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“up,” “down,” “top” and “bottom™ as well as derivative
thereot (e.g., “horizontally,” “downwardly,” “upwardly,” etc.)
should be construed to refer to the orientation as then
described or as shown 1n the drawing under discussion. These
relative terms are for convenience of description only and do
not require that the apparatus be constructed or operated 1n a
particular orientation. Terms used herein to describe the
physical relationship between various elements, features, or
layers such as “attached,” “affixed,” “connected,” “coupled,”
“interconnected,” or similar should be broadly construed to
refer to a relationship wherein such elements, features, or
layers may be secured or attached to one another either
directly or indirectly through intervening elements, features,
or layers, as well as both movable or rigid attachments or
relationships, unless expressly described otherwise. Simi-
larly, the term “on” when used herein to describe the physical
relationship between various elements, features, or layers
should be broadly construed to include contact between one
another that is direct or indirect through intervening elements,
teatures, or layers, unless expressly described otherwise.

In one embodiment, an OCT system according to the
present disclosure may utilize a wavelength tunable light such
as a swept source laser OCT (SS-OCT) configuration as the
basis for the light source and detection methodology. In SS-
OCT, light from the source 1s divided 1nto a sample arm (first
optical path) and a reference arm (second optical path) of an
interferometer arrangement. The light source 1s generally a
coherent and broad wavelength tunable range light which 1s
shined or scanned on an object or sample of interest. Scattered
light reflected back from the object or sample by variations 1n
the index of refraction within the sample 1s recoupled 1n the
sample arm and then combined with the light that has traveled
a fixed optical path length along the reference arm thereby
generating an interference signal comprising an interfero-
gram. The resulting interferogram is captured and measured
through the detection arm of the interferometer by a sensor
device. Fourier transformation 1s performed using a computer
processor to analyze the optical frequency of the interfero-
gram which relates to imaging depths of sampling light
reflections returned from the sample. Reflections from ditfer-
ent sampling depths produces interterence patterns with dii-
ferent frequencies. Resolving the reflections via Fourier
transformation processing produces a depth retlectivity pro-
file (A-scan) of the sample. Scanning the sampling light beam
in a first direction across the sample further produces two-
dimensional (2D) images (B-scans). Scanning the sampling
beam 1n a second direction allows creation of three-dimen-
sional (3D) images of the sample.

The 1nventor has discovered that OCT 1maging speed can
be greatly improved with space-division multiplexing while
maintaining 1maging resolution and sensitivity. One unique
feature of an optical coherence tomography (OCT) system
according to the present disclosure 1s to split the imaging
beam on the sample arm 1 order to 1lluminate multiple physi-
cal locations on the sample simultaneously. In some embodi-
ments, a single sample arm may be used. Each beam 1s opti-
cally delayed by the system so that when 1images are formed,
signals from different physical locations are detected 1n dif-
terent frequency bands (1.e. imaging depth). Advantageously,
this allows parallel detection of signals from multiple 1mag-
ing points and therefore improves OCT 1imaging speed dra-
matically and preserves system resolution and sensitivity.
Accordingly, embodiments of the present invention include
space-division multiplexing OCT (SDM-OCT). A further
advantage of a SDM-OCT system according to the present
disclosure 1s that the system requires minimal modification to
the current OCT system designs, while achieving significant
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improvement in system performance. A further benefit of the
SDM-OCT system 1s that the system may utilize commer-
cially available light sources.

FIG. 1 1s a diagram showing a non-limiting exemplary
embodiment of a SDM-OCT system 100 utilizing a wave-
length tunable light source (e.g. swept-source or SS). The
OCT system 100 may generally include a light source 110, a
first optical device such as optical coupler 120, a second
optical device such as optical coupler 130, a reference arm R
defining a first optical light path (1.e. reference channel), a
sample arm S defining a second optical light path (i.e. sam-
pling channel), and other components as further described
herein. The reference arm R provide an optical path of pre-
determine fixed length for generating a reference signal for
comparison with reflected light signals returned from the
object or sample under examination via the sample arm S, as
turther described herein.

In one embodiment, light source 110 may be a wavelength-
tunable, long coherence light source to provide optimal imag-
ing depth range. In one embodiment, without limitation, the
coherence length may be greater than 5 mm to achieve proper
imaging range for the SDM-OCT system. A commercially-
available vertical-cavity surface-emitting laser (VCSEL)
diode, such as for example without limitation Thorlabs Inc.,
SL1310V1 with a center wavelength of ~1310 nm, may be
used as the light source for SDM-OCT system 100. Other
suitable center wavelengths may be used. In one embodiment,
the VCSEL laser may have a sweep rate of ~100 kHz, a tuning
range of ~100 nm, and a coherence length of over 50 mm. The
output of the laser from light source 110 may be ~37 mW.
VCSEL diodes are essentially semiconductor-based devices
that emit light perpendicular to the chip surface. It will be
appreciated that other suitable light source specifications for
VCSEL diodes and/or other types of light sources may be
used. For example, a Fourier domain mode-lock (FDML)
laser, or a MEMS tunable laser, such as from Axsun Tech-
nologies, Inc., Santec Corporation, Exalos Inc., or Insight
Photonics Inc., etc. may be used.

The light beam output from the light source 110 1s optically
coupled to the first optical coupler 120 for dividing or split-
ting the single mnput light into two output light beams. An
optical coupler (aka splitter) 1s generally a passive optical
fiber device operable to couple and distribute light from one
or more iput fibers to one or more output fibers. Accordingly,
optical energy input 1s split into multiple output signals
retaining essentially the same properties as the mput light.
Suitable optical couplers include optical fiber couplers avail-
able from AC Photonics, Inc., Thorlabs, Inc. or other suppli-
ers.

In one embodiment, without limitation, coupler 120 1s
configured to produce a 95/5 optical split, where 5% of the
light 1s diverted to a Mach-Zehnder interferometer (MZ1),
while the remaining 95% of the light 1s used for the OCT
imaging setup. MZlIs are well known to those skilled 1n the art
without further elaboration. The MZI signal acquired 1s used
for phase calibration of the OCT signal 1n one embodiment. In
other possible embodiments, the MZI signal may be omitted
if an optical clock signal 1s used instead to clock the acquisi-
tion of the OCT signal (see, e.g. FIG. 4 without MZI). The
invention 1s not limited to either arrangement. IT an optical
clock 1s used, it will be understood that the first optical cou-
pler 120 may be omitted.

With respect to the optical couplers or splitters described
herein (e.g. 120, 130, etc.), it will be appreciated that any
suitable optical division or splitting of input light beams
identified as a percentage of the incident beam (e.g. 5/95,
10/90, etc.) may be used depending on the imtended applica-
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tion and system parameters. Accordingly, the mnvention 1s
expressly not limited to those light division or split percent-
ages disclosed herein which represent merely some of many
possible designs that might be used for the couplers. It will be
appreciated by those skilled 1n the art that the determination
of the optical split ratio depends on how much light is
intended to be directed 1nto each of the sample and reference
arms. It 1s desirable to have as much power as possible on
sample while keep the power on sample to be within a safe
limit. In the meantime, sufficient power 1s needed on the
reference arm to get shot-noise limited sensitivity.

With continuing reference to FI1G. 1, the sampling beam for
the OCT 1maging setup then i1s transmitted to the second
optical coupler 130. In one embodiment, a 90/10 optical
splitter may be used, where 10% of the mput light 1s directed
to the reference arm R (reference channel) and 90% of the
light 1s directed to the sample arm S (detection channel). In
the sample arm S, the input light beam goes through an optical
circulator 140. In one embodiment, an optical circulator 140
1s a three-port fiber optic device used to separate optical
signals which travel 1n opposite direction 1n an optical fiber.
Light which enters one of the ports (including retlected light
traveling 1n an opposite direction than the incident light) exits
the next port. In the present exemplary configuration, light for
the sample arm S from coupler 130 enters port 1 of optical
circulator 140 and exits port 2.

The light sampling beam for sample arm S leaving port 2 of
optical circulator 140 1s then received and split by optical
splitter 230. Splitter 230, which 1n one embodiment may be an
optical fiber splitting device, may divide the sampling beam
into at least two or more sampling beams at the output from
the device. In one exemplary embodiment, without limita-
tion, the sample arm light beam may be split by a 1x8 optical
splitter and transmitted into eight different optical fibers 175
forming an optical fiber array 170 for sampling (see, e.g. FIG.
2). Each optical fiber 175 1n the sampling fiber array 170
represents a sample location S1, S2, S3, ... Sn on the sample
or specimen, where n=sample location number. In FIG. 1, 1t
should be noted that only four of the eight optical fibers 175
are shown for simplicity and clarity.

In some embodiments, a planar lightwave circuit (PLC)
splitter such as those available from PLC Connections, Inc. or
others may be used. The optical splitter 230 functions to both
transmit the optical signal via the fiber array 170 to the sample
and to collect and combine the individual reflected sample
return signals from the plurality of different sample locations,
as further described herein. Advantageously, this configura-
tion according to the present disclosure permits a single
detection channel (sample arm S) to be used 1n lieu of mul-
tiple detection channels, which are at greater expense, com-
plexity, and physical bulk for an OCT system equipment
package.

The above example uses an optical splitter, fiber optical
delay and a fiber array to realize the optical splitting and
delaying function. The same function can be realized in one
embodiment with a custom planar lightwave circuit (PLC)
splitter design as shown 1n FIG. 12. Here, the splitter 230 may
be fabricated with the same amount optical power split into
cach channel and different optical delays built into the light-
wave circuit. This device can be directly put on the sample
arm S to 1lluminate the sample simultaneously with spatially
separated beams.

It should be noted that an optical splitter 230 may be used
that divides or splits the incident sampling light into more or
less than eight output optical fibers 175 depending on the
intended sampling application, number of sample locations
desired, and other factors. Accordingly, the mvention 1s not
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limited to any particular number of sampling optical fibers
175 1n the sampling fiber array 170 or number of sampling
locations (S1...Sn). Numerous variations and configurations
are possible.

It should be noted that the optical light paths and optical
coupling between components shown in the figures and
described herein may be made by any suitable means includ-
ing for example, without limitation, optical cables or fibers,
relays, open-space transmission (e.g. air or other medium
without physical contact between components), other light
transmitting technologies presently available or to be devel-
oped, and any combination thereof. Accordingly, the mnven-
tion 1s not limited to any particular optical coupling means
and numerous variations are possible. In one embodiment,
optical fibers may be used for optically coupling components
together other than light transmission between lenses, mir-
rors, and/or the object or sample of interest.

With continuing reference to FIG. 1, OCT system 100
further includes an optical delay element 280 for producing a
time delay in the sampling optical fibers 175. The combina-
tion of the optical splitter 230 and optical delay element 280
provides the space-division multiplexing aspect ol the present
embodiment of the invention. In one embodiment, without
limitation, the optical delay element for producing the optical
delay may comprise using multiple optical fibers 175 which
cach have different lengths (diagrammatically illustrated by
the one or more coils or loops of each fiber 1n FIG. 1). The
shorter optical fibers 175 will return a retlected optical signal
from the sample to optical splitter 230 1n less time than the
longer fibers, thereby producing an optical time delay.
Accordingly, in one embodiment, each fiber 175 may have a
different length to produce an optical delay.

In one 1llustrative example, without limitation, the length
difference between each optical fibers 175 may be about 2.5
mm. In one non-limiting example, for 1llustration, the length
of the shortest and longest fibers 1n an exemplary fiber array
may be about 50 mm and about 67 mm, respectively. Single
mode fibers are used for OCT applications. It bears noting
that the core of the optical fiber needs to be able to support
single mode light transmission. For example, for 1310 nm,
the fiber core diameter 1s ~9 um and for ~800 nm, 1t 1s about
6 um. The diameter of the fibers also depends on the index of
refraction difference of the fibers. The cladding and outer
diameter of the fiber can also vary.

It should be noted that other suitable fiber lengths and
diameters may be used. Accordingly, numerous variations
and configurations are possible.

In one embodiment, optical fibers 175 may be used which

are formed a flexible and transparent fiber made of glass (1e.
silica) or plastic and transmits light between each end of the
fiber. In one example, the fibers 175 may be Corning Inc.,
SME28 fibers.
The optical fibers 175 1n fiber array 170 may be arranged 1n
any suitable pattern. In one example shown 1n FIG. 2, without
limitation, the optical fibers 175 may be arranged 1n a one-
dimensional linear array with a suitable vertical spacing Y
between fibers. A representative spacing Y of about 0.3 mm
between fibers may be used in one non-limiting embodiment;
however, smaller or larger spacing may alternatively be used
in various embodiments. The vertical spacing Y between
fibers may be uniform or different in the array. It should
further be noted that patterns and arrangements of optical
fibers 175 other than linear may also be used (see, e.g. FIG. 5
turther described herein).

It will be appreciated that other methods and devices may
be used to produce the optical delay other than optical delay
clement 280 having different length optical fibers 175, which
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represents but one non-limiting exemplary embodiment. For
example, an alternative optical delay element 285 1s shown 1n
FIG. 13 and further described herein. Numerous other varia-
tions and types of optical delay elements are possible which
does not limit the invention.

With continuing reference to FIG. 1, sampling light from
cach of the different optical fibers 175 are transmuitted through
collimator 180 for focusing onto multiple different spots or
sampling locations S1 ... Sn on the sample. The sample can
be scanned simultaneously by light from all optical fiber 175
using a scanning device such as without limitation a galva-
nometer scanner 200. The galvanometer scanner 200 may be
a mirrored device which includes a galvo motor with an
angled vibrating/oscillating (e.g. up and down) mirror driven
by the motor shaft. Sampling light beams from each optical
fiber 175 are independently transmitted and scanned across a
surface of the sample by galvanometer scanner 200, thereby
producing discrete and independent i1lluminated sampling
spots or locations S1 . .. Sn each corresponding to one of the
optical fibers. In one representative example, without limita-
tion, each spot may have about 3 mW power on sample, and
the light intensity fluctuation among all the spots may be less
1 dB. The galvanometer scanner 200 may project the sam-
pling beams onto the sample 1n any suitable pattern to capture
the desired 1mage information. Other variations and types of
scanning devices may be used. In some non-limiting
examples, the galvanometer scanner 200 may be Cambridge
Technologies, Model 6215H or Thorlabs, GVS102.

In one embodiment, the sampling beams transmitted by
galvanometer scanner 200 may be focused onto the sample
through a scanning objective lens 190. A 5x objective lens
(e.g. Mitutoyo, 5xNIR or other) may be used i1n certain
embodiments; however, other suitable lenses and powers may
be used depending on the given OCT scanning application. It
should be noted that the objective lens 190 does not need to be
located right after the galvanometer scanner 200. Relay optics
may also be inserted in the sample arm to focus the beam in
some embodiments.

A plurality of back-reflected light signals emitted from the
sample at the sampling locations S1 . .. Sn by each of the
incident light sampling beams transmitted from the fiber
array 170 travel 1n a reverse direction along the first optical
light path and are reflected by the galvanometer scanner 200
through objective lens 190. The retlected light signals con-
taining 1image information from the sample are collected by
cach optical fiber 175 of the fiber array 170 and relayed back
to optical splitter 230 (reference FIG. 1). Each optical fiber
175 therefore 1s operable to transmit an individual sampling
beam and receive back in return an individual respective
reflected light or signal from the sample.

In one embodiment, the reflected light signals from the
sample traveling back along the first optical light path 1n
sample arm S may then be combined via the optical splitter
230 1nto a single reflected light signal (detection signal). This
single retlected light/detection signal from the sample arm S
1s then combined with a reflected light reference signal
returned from reference mirror 160 from the second optical
light path (reference arm R) via optical circulator 150 by
optical coupler 240 to create an interference signal, which 1s
detected with a sensor such as 1n one non-limiting example a
broadband balanced detector (photodetector) 220 (e.g. Thor-
labs Inc., PDB480CAC, 1.6 GHz bandwidth). In one embodi-
ment, without limitation, a 50/50 coupler 240 may be used
which combines the retlected detection and reference signals
in equal proportions or percentages. Other suitable percent-
ages may be used. The balanced detector 220 operates to
generate an interferogram from the interference signal. The
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MZI 250 optical path may also include a balanced detector
210 1n some non-limiting embodiments wherein a MZI may
be for phase calibration of the OCT signal, as described
herein.

Interterence signals from both the OCT system 100 and
MZI 250 may be digitally acquired simultaneously using an
approprately configured high speed data acquisition (DAQ)
card 260. In one 1llustrative embodiment, without limitation,
high speed DAQ card 260 may be an Alazar Tech ATS9360
card operating at 1.2 GS/s or another suitably configured
DAQ card. The acquired signal data from DAQ card 260 may
then be streamed continuously to the memory of an appropri-
ately configured computer 270 or memory accessible to
another suitable processor-based device or PLC (program-
mable logic controller) through a suitably configured port.
The signal data may be stored on the memory for further
processing, display, export, etc.

The “computer” 270 as described herein 1s representative
of any appropriate computer or server device with central
processing umt (CPU), microprocessor, micro-controller, or
computational data processing device or circuit configured
for executing computer program instructions (e.g. code) and
processing the acquired signal data from DAQ card 260. This
may include, for example without limitation, desktop com-
puters, personal computers, laptops, notebooks, tablets, and
other processor-based devices having suitable processing
power and speed. Computer 260 may include all the usual
appurtenances associated with such a device, including with-
out limitation the properly programmed processor, a memory
device(s), a power supply, a video card, visual display device
or screen (e.g. graphical user interface), firmware, software,
user mput devices (e.g., a keyboard, mouse, touch screen,
etc.), wired and/or wireless output devices, wired and/or
wireless communication devices (e.g. Ethernet, Wi-F1, Blue-
tooth, etc.) for transmitting captured sampling i1mages.
Accordingly, the invention i1s not limited by any particular
type of processor-based device.

The memory may be any suitable non-transitory computer
readable medium such as, without limitation, any suitable
volatile or non-volatile memory including random access
memory (RAM) and various types thereol, read-only
memory (ROM) and various types thereof, USB flash
memory, and magnetic or optical data storage devices (e.g.
internal/external hard disks, floppy discs, magnetic tape CD-
ROM, DVD-ROM, optical disk, ZIP™ drive, Blu-ray disk,
and others), which may be written to and/or read by a proces-
sor operably connected to the medium.

It will turther be appreciated that various aspects of the
present embodiment may be implemented 1n soitware, hard-
ware, firmware, or combinations thereof. The computer pro-
grams described herein are not limited to any particular
embodiment, and may be implemented 1n an operating sys-
tem, application program, foreground or background process,
driver, or any combination thereof, executing on a single
computer or server processor or multiple computer or server
Processors

With continuing reference to FIG. 1, still images and/or
moving video images of the sample captured and recorded by
the present OCT system 100 and the DAQ card 260 may be
rendered on a suitable visual display 290 by computer 270 for
observation by a system user. In healthcare related applica-
tions of the OCT system 100, 1n some possible embodiments,
the user may be a health care provider, technician, or other
proiessional. The sample images displayed on the visual dis-
play 290 are representative of the actual sample or specimen
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(¢.g. human or other animal tissue 1n some embodiments)
being analyzed by the OCT system 100 and useful as a diag-

nostic tool.

FI1G. 3 1s a graph of s1ignal intensity versus depth/frequency
illustrating the optical delay of the OCT system 100. As
shown, returned sampling beam signals detected from differ-
ent spatial sample location S1 . . . Sn appear at different
frequency bands/imaging depths in the final image. The
amount of delay in frequency depends on the amount of
optical delay introduced 1n the sample arm S.

Alternative Embodiment
Low Insertion Loss OCT System

Typically, when light 1s split from 1 fiber to N {ibers using,
a splitter, the intensity for each of the output fiber 1s about 1/N
of the input intensity. This allows even distribution of the light
through all the output fibers. When reflected light 1s returned
from the sample and passes through the splitter again, only
about 1/N of the returned light 1s combined 1n the 1nput fiber.
This msertion loss 1s proportional to how many channels the
splitter splits the light. In order to minimize the insertion loss
for the returned beam, an alternative embodiment of an OCT
system 102 1s presented 1n FIG. 4.

Here, referring to FIG. 4, a low msertion loss OCT system
102 may include optical circulators 141, 142, 143, and 144
thereby providing an optical circulator for each of the optical
fibers 175. In one embodiment, circulators 141-144 may be
disposed in system 102 after (1.e. down path from) the optical
splitter 230. The optical circulators 141-144 may be disposed
alter the optical delay element 280, and further 1n some
embodiments before the collimator 180.

In this non-limiting example, four optical fibers 175 are
shown to form the fiber array 170 for clarity of illustration,
however, any suitable number of fibers may be used 1n the
array. In some embodiments, without limitation, eight or
more optical fibers 175 may be used as appropriate.

Returned (reflected) light collected by the scanner 200
from the sample will travel back through the circulators 141 -
144 1n a manner already described herein, instead of and
bypassing the splitter 230. The returned light from circulators
141-144 1s transmitted to and will interfere with reference
light from the reference arm R in four optical couplers 240
(which 1n one non-limiting embodiment may be 50/50 cou-
plers). Each fiber 175 and circulator 141-144 may therefore
have an associated coupler 240 1n one non-limiting embodi-
ment as shown; however, other variations are possible. The
optical couplers 240 each combine the reference light with
reflected light from one of the plurality of optical fibers 175
receiving reflected light from the sample to produce an inter-
ference signal.

A plurality of outputs signals each transmitted from one of
the couplers 240 may then be combined and detected by a
sensor such as a balanced detector (photodetector) 225. Inone
embodiment, a single balanced detector 225 may be pro-
vided. The insertion loss for the returned reflected light 1s then
mimmized using this approach, resulting 1n higher detection
sensitivity. The optical circulators 141-144 can also be
replaced 1n other embodiments by optical splitters 1nstead to
reduce cost, but at the expense of optical loss associated with
splitters. However, either circulators or splitters may be used.

In the OCT system 102 of FIG. 4, 1t should further be noted
that a single optical coupler 145 may be used downfield of the
light source 110. In this embodiment, the coupler 145 may
divert 80 percent of the light to the sampling arm S (detection
channel) and 20 percent of the light to the reference arm R
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(reference channel). Other suitable beam splitting arrange-
ments may be used. Light for the reference arm R 1s trans-

mitted to optical circulator 150 from splitter 145 (entering,
port 1 and leaving port 2), collimator 282, and finally refer-
ence mirror 160 1n a stmilar manner to OCT system 100 (see
FIG. 1). The reflected reference light from mirror 160 travels
back through circulator 150 and 1s output (from port 3) to a
reference optical splitter 300. Optical splitter 300 then splits
the single retlected reference light beam into four reference
beams (reference channels) output to optical fibers 1n a func-
tionally similar manner to splitter 230. These optical fibers
are coupled to and provide the reference signals to each of the
four optical couplers 240 to interfere with light from the
sample arm S circulators 141-144, 1n the manner already
described above. In one embodiment, without limitation,
splitter 300 may be a planar lightwave circuit (PLC) splitter.
Other suitable splitter, however, may be used.

Other components 1n FIG. 4 may be structurally and func-
tionally similar to these same components which appear in
FI1G. 1, and have been described elsewhere herein.

Alternative Embodiment
Doppler OCT System

FIG. § shows an alternative array design for the fiber array
for a Doppler OCT system. In this case, the fibers may be
arranged 1n an NxN array where N=the number of fiber 1n
columns and rows. In one exemplary embodiment 1n a 2xN
array, N=number of fiber rows. Images captured from the two
pairs of fibers 1n each row will overlap during each B-scan.
Phase differences from the overlapping image regions can be
used to obtain Doppler flow information for the samples been
imaged. The spacing between the two fibers in the same
horizontal row can be adjusted to create different time delays
between the two overlapping images, which determine the
minimum flow speed that can be measured with the Doppler
system using Doppler shift principles well known in the art. A
longer delay corresponds to a slower tlow speed, and vice-
versa. Maximum flow speed may be determined by the time
between consecutive A-scans. By choosing proper param-
cters for the A-line rate and time delay, for example 1n a health
care application of an OCT system, blood flow speed within
a large range can be measured. Simultaneous 1maging from
multiple 1imaging spots will also effectively improve the
imaging speed for Doppler OCT. Any suitable horizontal
spacing X 1n a row between two fibers and vertical spacing Y
in a column between fibers may be used. The horizontal and
vertical spacing X, Y may be the same or different, and the
vertical spacing Y between rows of fibers may be different or
the same. In one representative, but non-limiting example, the
horizontal and vertical spacing may be 0.3 mm and 0.5 mm
respectively.

The number of columns and rows 1n the NxN fiber array
may be varied as needed. For Doppler OCT, one can use phase
difference between A-scans from the same beam, A-scans
between different source pairs 1n the same row, or A-scans
between beams from different rows, each with 1ts own Dop-
pler sensitivity range. The combination of all these will pro-
vide a large dynamic range for Doppler measurements.

FI1G. 17 shows an alternative fiber array design. In this case,
the fibers may be arranged in a 4x4 array. When used for
structural 1maging, the imaging speed will be improved by a
factor of N°. For Doppler OCT applications, phase difference
measured between the same beam (e.g. between 1 and 1,
between 2 and 2, etc.), or measured between difierent beams
(e.g. between 1 and 2, 1 and 3, 1 and 4, etc.) from the same
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location of the sample can be used to obtain Doppler infor-
mation with greatly improved dynamic range.

Doppler OCT may be used to generate angiogram and
quantitatively measure blood flow imnformation of the image
sample. Doppler OCT 1s based on the Doppler effects, where
scattering particles (e.g. red blood cells) moving towards or
away from the light source generate Doppler phase shiits that
are proportional to the tlow speed that 1s projected along the
direction of the light 1llumination.

It should be noted that the optical fiber 175 length differ-
ence between each sampling light beam does not need to be
the same or uniform. In many situations, the sample or speci-
men surface 1s not flat (e.g. human retina, anterior segment of
the eye, tooth, blood vessels, etc.). The fiber length difference
can be arranged according to each specific application to
allow maximum tlexibility of the system design and best use
of the imaging range.

The fiber array 170 may be used in most of the applications,
although 1t 1s not necessary to put all the fibers in a single
array. Fibers 175 may be used in different arrays or use
individual fibers to image different samples or different loca-
tions of the sample simultaneously.

Another advantage of an OCT system according to the
present disclosure 1s to make truly synchronized measure-
ments from different 1llumination locations. This 1s helptul 1f
a user wants to study the dynamic relationship of different
locations on a single sample, or synchronized behavior from
different samples (e.g. heart dynamics, neuron activities,
etc.).

It should be noted that a balanced detector may be used to
achieve maximum sensitivity for swept-source OCT,
although a single detector or non-balanced detector can also
be used. Accordingly, the present invention 1s not limited to
the use of balanced detectors alone.

Although the method described here 1s based on swept-
source OCT, the same approach can be used for spectral-
domain OC'T. In that case, the light source will be replaced
with the broadband light source, with long-coherence length
at each individual wavelength. The detector may be replaced
with a spectrometer, comprising a collimating lens, a grating,
a focusing lens and a digital line-scan camera or a 2D camera
with high pixel count. All other components in the system
may remain the same.

OCT Experimental Test

The performance of a space-division multiplexing swept-
source OCT system according to the present disclosure was
tested and validated on a static specimen or sample. FIG. 6
shows actual 1mages obtained from an 1imaging test using a
prototype system constructed according to the OCT system
100 of FIG. 1. The sample imaged 1n the test was a roll of
Scotch® tape, where different layers (e.g. at different depths)
of the tape can be clearly seen from the images obtained at
different spots on the roll of tape. In this application, eight (8)
optical fibers 175 each producing a sampling beam were used
in the sampling arm S of the test setup, thereby obtaining
discrete 1mages at eight different locations in the tape roll
sample from the beams labeled 1 to 8. The light source and
other appurtenances used for the test were as described herein
tor OCT system 100 and shown 1n FIG. 1.

The entire 1maging range (e.g. depth) of the OCT system
100 was about 26.5 mm in tissue (35 mm 1n air) 1n this test (see
Image “a” atleft in FI1G. 6). Scotch® tape images from the roll
seen at different depths correspond to 1images obtained from
the eight different imaging locations. Zoomed-in 1mages of
cach of the eight sample locations S1 ... S8 in the tape roll are
shown on the right in FIG. 6, demonstrating relatively uni-
form 1mage intensity from the different sampling beams.
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Even at the deepest imaging depth (S8), individual layers of
the tape as shown at right can still be clearly 1dentified. This
suggests that axial image resolution 1s preserved across the
entire 1maging range ol depths. Furthermore, the 1imaging
results using a calibrated reflecting mirror 1n the sample arm
show that an axial resolution of ~8.3 um 1n tissue and an over
95 dB sensitivity can be obtained using the prototype OCT
imaging system. Since the VCSEL laser 1s operated at ~100
kHz (light source 110), stmultaneous imaging with the 1x8
fiber array 170 achieves an ~800 kHz effective A-scan rate
combining all eight beams. It should be noted that the results
were obtained using a single detection channel albeit with
eight sampling beams.

Although the present prototype OCT system 100 demon-
strates a factor of 8 1n improvement of 1imaging speed, turther
improvement of 1imaging speed can be achieved by using a
fiber array with more fibers. The ultimate limit for the 1mag-
ing speed 1s no longer the sweep-rate of the light source.
Instead, the imaging speed can be scaled up with the improve-
ment of the coherence length of the light source, the band-
width of the detector, the speed of the data acquisition, the
number of fiber channels, and the optical path length differ-
ence between each fiber.

In Vivo OCT Experimental Test

In Vivo OCT System Setup

An 1n vivo test of the OCT system 100 of FIG. 1 was
performed to the capture of moving 1images of the beating
heart of a Drosophila (1ruit tly) larva. A commercial VCSEL
tunable laser 110 (SL1310V1, Thorlabs Inc.) with a center
wavelength of 1310 nm was used for the OCT system. The
laser had a swept rate of ~100,000 Hz, a tuning range of ~100
nm, and a coherence length of over 50 mm. The output power
was ~37 mW. A 95/5 optical coupler 120 (AC Photonics, Inc.)
was connected to the laser output and 5% of the light was
directed to a Mach-Zender interferometer (MZ1), which has
an optical path length difference of ~60 mm 1n air for the two
arms R (reference) and S (sample). The remaining 95% of the
light was used for OC'T 1imaging.

A 90/10 optical coupler 130 provided 10% of the light to
the reference arm R and 90% of the light to the sample arm S.
Input light to the sample arm S was split 1into 8 fibers using a
planar lightwave circuit (PLC) splitter 230 (e.g. PLC Con-
nections, Inc. or similar). Output optical fibers 1735 from the
PLC splitter were custom arranged 1n a one-dimensional (1D)
array (1x8, FIG. 2), with a length different of ~2.5 mm
between each fiber. Spacing was about ~300 um between
cach fiber in the 1D array and about ~370 um after the spots
were projected on samples. The surface of the fiber array 170
was angle polished at ~8 degrees to minimize light retlection.
Light from different fibers were focused onto different spots
on the sample, which were synchronously scanned by a pair
of galvanometers (Cambridge Technology, Inc.). Each spot
had about 2 mW power on sample. Light intensity variation
among all the spots was less than 1 dB. Optical circulators
(AC Photonics, Inc.) were utilized on both the sample and
reference arms S, R to route retlected signal from both arms to
interfere at a 50/50 coupler 240. Broadband balanced detec-
tors 210, 220 (1.6 GHz, PDB480CAC, Thorlabs Inc.) were
used to detect interference signals from both the OCT system
and the MZI. Outputs of the balanced detectors were digitally
acquired simultaneously using a high speed data acquisition
card 260 (ATS9360, Alazar Tech) at 1.2 GS/s. Data from both
channels (8320 points for each channel per sweep) was
streamed to the computer 270 memory continuously through
the PCle port. The entire imaging range of the prototype
system was about 35 mm 1n air (or 26.5 mm 1n tissue). A 5x
objective lens 190 (Mitutoyo, 5xNIR) was utilized to provide
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about 11 um transverse resolutions. The axial resolution was
measured to be about 11 um 1n air (or about 8.3 um 1n tissue)
throughout the depth range (see FIG. 7, measured point-
spread-function from different depths). A 94.6 dB sensitivity
was measured using a calibrated reflector (-43.4 dB) and a
roll-off of <2 dB was observed at ~30 mm depth. Since the
VCSEL laser was operated at ~100,000 Hz, simultaneous
imaging with all 8 fibers achieved an efiective axial scan rate
of ~800,000 A-Scans/s.

Drosophila Larvae Preparation

Drosophilais awidely used model system for developmen-
tal biology due to the ease 1n culturing and its short lifecycles.
In vivo OCT 1mages 1n FIG. 8 were obtained from a third
instar Drosophila larva. At this stage, the heart tube 1s located
at the dorsal midline, spanning segments 12 (anterior end) to
AR (posterior end), being attached to its dorsal epidermis by
seven pairs of alary muscles. The larva was mounted onto a
black clip board using a double-sided tape with 1ts dorsal side
facing upwards.

In Vivo Imaging and Signal Processing

To obtain 3D mmaging of the Drosophila larva, 400x80
A-scans covering ~1.1 mmx0.4 mm was acquired 1n ~0.37
seconds (s). The MZI signal acquired simultaneously with the
OCT signal was utilized for phase calibration for each laser
sweep. Fight images from the 8 beams were segmented from
different depth ranges and digitally combined to form a volu-
metric dataset consisting of 400x605 A-scans covering the
entire larva (~1.1 mmx3.0 mm range). To obtain M-mode
imaging irom the larva heart, 400 B-scans with each contain-
ing 400 A-scans over ~250 um range around the heart tube
were acquired for about 2 seconds. The frame rate for the
B-scan was ~217 frames per second. Images from different
heart segments were digitally combined. Functional informa-
tion of the heart was analyzed following established methods.
Matlab (Mathwork, Inc.) was used to process the data, and
Imagel (NIH) and Amira (VSG, Inc.) were used to generate
videos and render images for presentation.

In Vivo Test Results

Results of the 1 vivo 3D SDM-OCT 1maging of a Droso-
phila larva 1s demonstrated 1n FIGS. 8-11. The entire 3D
dataset (400x605 A-scans, FIG. 8 showing entire larva 1n a
merged 3D 1image), assembled using images from all 8 beams,
was obtained in less than 0.37 seconds. The actual size of the
larva was ~1 mm wide by ~3 mm long. FIG. 9 shows cross-
sectional and en-face images of the larva. The heart tube (H)
and the trachea structures (1) are clearly observed.

To demonstrate synchronized imaging capability, M-mode
B-scan 1maging was performed over three segments of
another larva heart, roughly corresponding to the A7, A6, and
A5 segments. A frame rate of ~217 frames per second was
obtained at all segments simultaneously. Representative
cross-sectional synchronized still images showing all three
segments of the beating heart tube 1s shown 1n FIG. 10. A
video demonstrating the synchromized beating of the heart
tube segments was obtained, from which the still images have
been extracted. Segment 1 beats first, Segment 2 follows, and
Segment 3 then follows Segment 2.

The functions of the larva heart were further quantified by
the 1n vivo testing. In addition to functional information, such
as heart rate (372 beats per minute), end systolic (36 um for
A’7,32um for A6, and 11 um for AS5) and diastolic dimensions
(60 um for A7, 74 um for A6, and 58 um for AS) and fractional
shortening (42% for A7, 56% for A6, and 80% for AS5), also
observed was a delay between the dilation and contraction 1n
segment A6 compared to A7 (14 ms), and segment A5 com-
pared to A6 (69 ms) shown in FIG. 11. This delay suggested
the contraction of the heart tube was mitialized 1n the A7
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segment (posterior) and propagated toward the A5 segment
(anterior). This finding 1s consistent with previous literature
on Drosophila larvae heart development.

In summary, an 8x improvement 1in 1maging speed was
demonstrated by the experimental tests. Further speed
improvement 1s straightforward. In fact, the effective A-scan
rate 1s scalable to the number of spots shine on the sample
simultaneously, while only a single detection channel 1s
required. For optical coherence microscopy (OCM) applica-
tions, where the 1imaging penetration depth 1s limited to less
than a few hundred microns, 16 channels or more can be used.
Optical delay between each channel needs to be shortened
accordingly 1n order to fit images from all channels into the
detection range using current hardware.

Fundamentally, the spatial multiplexing technique would
have resolution and sensitivity advantages compared to the
approach of increasing laser sweep rate. Since the laser sweep
range was preserved, axial resolution for OC'T was not com-
promised as the effective A-scan rate was increased. Mean-
while, the dwell time at each imaging spot was maintained at
a relatively low laser sweep rate. More data sampling points
were also recorded within the dwell time for the SDM-OCT
system 100. Imaging speed improvement was achieved by
performing parallel detection utilizing multiple sampling
beams. This 1s 1n contrast to increasing the laser sweep rate,
where the dwell time and the number of sampling point for
cach sweep 1s reduced. In OCT system 100, the PLC splitter
has an about 10 dB 1nsertion loss. This 1s not an 1ssue 1n the
forward direction, as the input light 1s evenly split 1into the 8
beams. However, when combining the reflected light from the
sample, the 10 dB insertion loss resulted 1n reduction 1n
sensitivity. As aresult, about a 95 dB sensitivity was achieved
over the entire 1maging range when only about 2 mW light
was shined on the sample for each spot. This 1s about 11 dB
lower compared to shot-noise-limited sensitivity. However,
alternative designs bypassing the PLC splitter in the return
path (see, e.g. FIG. 4) or using low-loss optical combiners
may be utilized to further improve imaging sensitivity.

With the space-division multiplexing technique, the bottle-

neck for further improving SS-OCT imaging speed 1s no
longer the sweep rate of tunable lasers. Instead, high speed
data acquisition and high throughput data transier are greatly
desired. The data acquisition card used 1n testing the proto-
type system according to the OCT system 100 of FIG. 1
supports a 12-bit 1.8 GS/s sampling rate. However, due to
limited data throughput, data could only be acquired from
both the OCT and MZI channels simultaneously at 1.2 GS/s.
Further improvement in the speed of data acquisition and
throughput, the bandwidth of the detectors, the coherence
length of the light source, and the number of fiber channels
will advantageously scale the OCT 1maging speed linearly
without significant changes 1n system design. Since the input
light from source 110 1s split into multiple beams, a powertul
light source 1s desirable.
In conclusion, the testing successiully demonstrated a
space-division multiplexing technique for OCT, which
achieved significant improvement in 1maging speed while
preserved axial resolution. Although the space-division mul-
tiplexing technique was demonstrated based on SS-OCT, the
same approach can be applied to SD-OCT. In that case, a
broadband light source with long coherence length for each
wavelength and a spectrometer, comprising a collimating
lens, a diffraction grating, a focusing lens and a line-scan
camera or a 2D camera with high pixel count, may be needed
to provide deep 1maging range.

FIG. 13 1llustrates an additional embodiment of an OCT
system 104 with an alternative optical delay element 285,
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which may also be used with the OCT system 100 of FIG. 1
or other embodiments. Here, a swept-source OC'T detection
method 1s used, although the design applies to spectral-do-
main OCT detection methods as well.

In this embodiment shown 1n FIG. 13, light on the sample
arm S 1s collimated by collimator 150 and then shined onto a
microlens array 288. A commercially available microlens
array 288 may be used, such as for example without limitation
Edmund Optics, Model #63-230. Each microlens of the array
288 will focus a portion of the sampling light beam onto a
small spot at the intermediate 1mage plane. The microlens
array 288 splits/divides the single incident sampling light
beam into a plurality of light beams, thereby obviating the
need for an optical splitter such as splitter 230 1n FIG. 1. In
addition, 1t should be noted that the divided multiple sampling
light beams output from microlens array 288 may not be
captured and transmitted by optical fibers, but rather trans-
mitted through space in a medium.

With continuing reference to FIG. 13, an optical delay
clement 285 comprising a plurality of adjoining optically
transparent glass or plastic elements members each having a
different thickness to create different optical delays for each
sampling beam. The optical delay element 285 may be dis-
posed at the intermediate image plane 1n one embodiment, or
off the intermediate 1mage plane 1n other embodiments as
long as different beams do not overlap. Therefore, beams
focused at different locations on the sample are optically
encoded 1n different frequency bands in the final detected
signal. The amount of delay 1n frequency depends on the
amount of optical delay introduced 1n the sample arm S by
glass or plastic members. Note that although the optical delay
clement 285 1s placed at the intermediate 1maging plane 1n
this example, 1t can be placed at other locations 1n the sample
arm S, for example, between the collimator 180 and the
microlens array 288. Each of the sampling light beams from
optical delay element 285 are transmitted to a relay lens 222,
galvanometer scanner 200, and objective scan lens 190 onto
the sample simultaneously at sample locations S1 ... Sn.

Other components of OCT system 104 may be similar in
function and design to the corresponding components labeled
the same 1n FIG. 1. In one possible configuration of OCT
system 104, without limitation, optical coupler 120 may be
configured to divert 3% of the light from light source 110 to
the reference arm R and 97% of the light to the sampling arm
S. Other suitable splits are possible.

In yet other possible embodiments, optical delay element
285 may be used in the OCT system 100 of FIG. 1 1n lieu of
optical delay element 280. In that case, the light beams from
cach of the mndividual optical fibers 275 output from splitter
230 may be shined onto the optical delay element 285 1n
manner similar to that shown 1n FIG. 13.

FI1G. 14 shows one possible embodiments of a probe based
OCT system usable with the OCT system 100 of FIG. 1. The
probe 350 can be used for various applications, such as for
example without limitation cardiac vascular OCT as well as
tor endoscopic OCT. In one embodiment, the probe 350 may
have a generally tubular body defining an interior passageway
for routing the optical fibers 175 through the probe. An optical
splitter 230 may be placed at the proximal end 352 of the

probe 350 and splits the input light beam 1nto several optical
fibers 175. Each fiber 175 has a different length, and shines

light through the side of the probe 350 at a distal end 354 such
as through a microlens for focusing the optical sampling
beams to acquire signals from different locations of the
sample simultaneously. The sampling beams may be emitted
at any suitable angle from the probe 350 with respect to the
distal end 354 between 0 and 180 degrees. In one exemplary
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embodiment, the angle may be ~90 degrees. To scan the
individual sampling beams linearly across the sample, the
proximal end 352 of the probe 350 may be rotated by a
suitable motor drive which will then rotate distal end 354
from which the sampling beams are emitted. Because the area
to cover on the sample 1s generally large for cardiovascular
and endoscopic OCT applications, high speed is desirable for
these applications. The use of multiple sampling or scanning
beams etficiently solves this problem.

FIG. 15 shows one embodiment of space-division multi-
plexing OCT (SDM-OCT) using spectral-domain methods.
In this configuration, the light source 110 1s a broadband light
source with long coherence length for each individual wave-
length. The detection system 1s basically a spectrometer. The
spectrometer comprises a collimating lens 400, a grating 402,
a focusing lens 404 and a line-scan camera 406 or 2D camera.
The grating 402 splits the interference signal from the sample
and reference arm S, R into different colors, which are
focused by the focusing lens 404 onto different pixels on the
line-scan or CCD cameras 406. High pixel count of the cam-
cra 406 allows long 1imaging range of the OCT system, which
1s desirable for simultaneous detection of signals from differ-
ent optical delays.

FIG. 16 shows another embodiment for spectral-domain
SDM-OCT. In this configuration, output light from the broad-
band light source 110 1s split into reference arm R and sample
arm S directly at the first optical coupler 120 and the returned
signal 1s combined using the same optical coupler before the
signal was detected by the spectrometer. Similar configura-
tions can be used for a wavelength tunable light (e.g. swept
source laser) SS-OCT setup as well. This system configura-
tion 1s stmpler and appropriate for some applications, how-
ever; detection sensitivity of this setup may be lower com-
pared to the configurations using optical circulators as 1n FIG.
15.

FIG. 18 shows another embodiment for spectral-domain
SDM-OCT using a free-space optical arrangement 1n lieu of
optical fibers. In this configuration, output light from the
broadband light source 110 1s collimated and split into refer-
ence arm R and sample arm S directly at an appropnately
configured first optical beam splitter 520 and the returned
signal 1s combined using the same optical beam splitter
before the signal 1s detected by the spectrometer. Similar
configurations can be used for a wavelength tunable light (e.g.
swept source laser) SS-OCT setup as well. This system con-
figuration 1s simpler and appropriate for some applications.
The detection sensitivity of this setup 1s high since there 1s no
insertion loss within the optical system. Other components
shown 1n FI1G. 18 may be the same as the similarly numbered
components 1n FIGS. 13 and 16.

While the foregoing description and drawings represent
the preferred embodiments of the present invention, 1t will be
understood that various additions, modifications and substi-
tutions may be made therein without departing from the spirit
and scope of the present invention as defined 1n the accom-
panying claims. In particular, 1t will be clear to those skilled 1n
the art that the present invention may be embodied 1n other
specific forms, structures, arrangements, proportions, sizes,
and with other elements, maternials, and components, without
departing from the spirit or essential characteristics thereof.
One skilled 1n the art will appreciate that the invention may be
used with many modifications of structure, arrangement, pro-
portions, sizes, materials, and components and otherwise,
used 1n the practice of the invention, which are particularly
adapted to specific environments and operative requirements
without departing from the principles of the present inven-
tion. The presently disclosed embodiments are therefore to be
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considered 1n all respects as 1llustrative and not restrictive, the
scope of the invention being defined by the appended claims,
and not limited to the foregoing description or embodiments.

What 1s claimed 1s:

1. An optical coherence tomography system with space-
division multiplexing, the system comprising;

a long coherence light source producing light having a
coherence length greater than 5 mm to provide optimal
imaging depth range;

a first optical device configured to split the light 1nto ref-
erence light and sampling light;

a non-sweeping reference arm recerving the reference light
and producing a reference light signal;

a second optical device arranged on a sample arm and
configured to split the sampling light 1nto a plurality of
sampling beams and transmit the plurality of sampling
beams simultaneously;

an optical delay element configured to produce an optical
delay between the plurality of sampling beams;

a scanner arranged to receive and configured to simulta-
neously scan the plurality of sampling beams onto mul-
tiple different sampling locations on a surface of a
sample;

the second optical device operable to simultaneously
receive a plurality of reflected light signals returned
from the multiple sampling locations;

a third optical device configured to generate a plurality of
interference signals based on simultaneously receiving
the plurality of reflected light signals returned from the
multiple sampling locations on the surface of the sample
produced by the plurality of sampling beams and the
reference light signal;

wherein the interference signals includes data representing
digitized 1images of all of the multiple sampling loca-
tions simultaneously from the sample.

2. The system of claim 1, wherein the first optical device 1s
an optical coupler operable to divert the reference light to the
reference arm and to divert the sampling light to the sample
arm.

3. The system of claim 1, further comprising a single
sample arm which includes the second optical device, the
sample arm transmitting the plurality of sampling beams to
the scanner.

4. The system of claim 1, wherein the second optical device
1s an optical fiber splitter.

5. The system of claim 4, wherein the optical splitter 1s
planar lightwave circuit splitter.

6. The system of claim 1, wherein the second optical device
1s a microlens array.

7. The system of claim 6, wherein the optical delay element
comprises a plurality of glass or plastic members each having
a different thickness and receiving a portion of the sampling
light from the microlens array.

8. The system of claim 1, further comprising a balanced
detector arranged and operable to detect the interference sig-
nal.

9. The system of claim 1, wherein the optical delay element
comprises an optical fiber array comprised of plurality of
optical fibers each having a different length and conveying
one of the plurality of sampling beams.

10. The system of claim 1, wherein the second optical
device 1s further configured to combine the reflected light
signals from the sample into a single detection signal con-
taining the reflected light signals, the detection signal being,
transmitted to the at least one third optical device.

11. The system of claim 1, wherein the third optical device
1s an optical coupler.
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12. The system of claim 1, wherein the light source 1s a
wavelength tunable light source.

13. The system of claim 12, wherein the light source 1s a
vertical-cavity surface-emitting laser diode.

14. The system of claim 1, further comprising a fourth
optical device configured to divert a portion of the light to a
Mach-Zehnder interferometer, the Mach-Zehnder interter-
ometer configured and operable to clock acquisition of the
reflected light signals returned from the surface of the sample.

15. The system of claim 1, further comprising a high speed
data acquisition card and computer processor configured to
capture and process the interference signal and generate a
visual display of the actual images of the sample on a display
device.

16. An optical coherence tomography system with space-
division multiplexing, the system comprising;:

a long coherence light source producing light having a
coherence length greater than 5 mm to provide optimal
imaging depth range;

a lirst optical coupler configured to divide the light 1nto
reference light and sampling light;

a non-sweeping reference arm defining a first optical light
path, the reference arm receiving the reference light and
generating a reference light signal based on the refer-
ence light;

a single sample arm defining a second optical light path and
receiving the sampling light;

an optical fiber splitter arranged on the sample arm and
dividing the sampling light into a plurality of sampling
light beams;

an optical delay element comprising a plurality of optical
fibers each having a different length and conveying one
of the plurality of sampling light beams, the optical
fibers producing an optical delay between the plurality
of sampling beams;

a scanner recerving and simultaneously scanning the plu-
rality of sampling beams onto multiple different sam-
pling locations on a surface of a sample;

the optical fiber splitter operable to simultaneously recerve
a plurality of reflected light signals returned from the
multiple sampling locations produced by each of the
plurality of sampling beams;

a second optical coupler recerving and combining the reif-
erence light signal and the plurality of reflected light
signals each returned simultaneously from the multiple
sampling locations on the surface of the sample pro-
duced by each of the plurality of sampling beams to
produce a plurality of interference signals each associ-
ated with one of the plurality of reflected light signals;

wherein the interference signals includes data representing
digitized images of all of the multiple sampling loca-
tions simultaneously from the sample.

17. The system of claim 16, wherein the sampling light
enters the optical splitter via a single optical fiber and each
sampling beam exits the optical splitter via an optical fiber
forming an array comprising a plurality of optical fibers.

18. The system of claim 17, wherein the optical splitter 1s
planar lightwave circuit splitter.

19. The system of claim 16, further comprising a balanced
detector operable to detect the interference signal.

20. The system of claim 16, wherein the light source 1s a
wavelength tunable laser.

21. The system of claim 16, wherein the light source 1s a
broadband light source.

22. A method for imaging a sample using a space-division
multiplexing optical coherence tomography system, the
method comprising:




US 9,400,169 B2

21

providing an optical coherence tomography system com-
prising a long coherence light source producing light
having a coherence length greater than 5 mm to provide
optimal 1maging depth range, a non-sweeping reference
arm defining a first optical path, and a sample arm defin-
ing a second optical path;

dividing the light from the light source 1nto reference light
and sampling light;

transmitting the reference light to the reference arm to
produce a reflected light signal;

transmitting the sampling light to the sample arm;

splitting the sampling light into a plurality of sampling
beams on the sample arm;

producing an optical delay between the plurality of sam-
pling beams;

simultaneously scanning the plurality of sampling beams
onto a surface of a sample at multiple different sample
locations:

collecting a plurality of reflected light signals each
returned from the surface of the sample produced by
cach of the plurality of sampling beams;

combining the plurality of reflected light signals into a
single reflected light signal comprised of the plurality of

reflected light signals;
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combining the single reflected light signal comprised of the
plurality of reflected light signals and the reference light
signal to produce a plurality of interference signals, the
interference signals comprising data representing digi-
tized 1mages of all of the multiple different sample loca-
tions simultaneously from the sample.

23. The method of claim 22, wherein a single sample arm
1s provided.

24. The method of claim 22, wherein the splitting step 1s
performed using an optical splitter.

25. The method of claim 22, further comprising detecting,
the interference signal using a balanced detector.

26. The method of claim 22, further comprising transmit-
ting a portion of the light from the light source to a Mach-
Zehnder interferometer to clock acquisition of the interfer-
ence signal.

277. The method of claim 22, wherein the step of producing,
the optical delay includes transmitting each of the sampling
beams 1n one of a plurality of optical fibers each having a
different length.
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